
Situated l’lan Attribution]

Randall W. hill, Jr. W. 1 .cwfis Johnson

Jet PropLllsicm  1,aboratory  / Caltcch lJSC / information %icnccs  lnstitu(c.
4800 Oak Gmvc Ilrivc  M/S 525-3631 4676 Admiralty Way

Pasadena, CA911 09-8099 Marina  dcl Rcy, CA 90292-6695
llill@?llcgcv.j]>l  .l]asa.gov johnsm  @ isi .cdu

Abslracf
l’lan  recognition techniques frcqucnt]y  make rigid assumptions abm[ the student’s plans, and
invest substantial cffor[ to infer unobservable pmpulics  of the student. ‘1’hc pedagogical
benefits of plan rccogniticm  analysis arc not always obvious. Wc claim that these difficmltics
cm bc ovcrcomc if greater at[e.ntion  is paid 10 tlm situational context of the stLIdcnt’s activity
and the pedagogical tasks which plan rccop,nition  is intended to support. ‘1’his  paper
cie.scribes an approach to plan recognition cal Imi sifu(i!d pl(~n al~t”ib14iio)l that takes these
factors into account. It (icvotcs varying amounts of cffor( to the intcrplctation  process,
focusing the greatest effort on interpreting i})l])[i,~sr  poinls, i.e., points where the stu(icnt
encounters some (iifficu]ty completing the task. “J’his approach has bc.cn  illl]lle]lle.l]tc(l  anti
cvaluatc(i in the context of the RliAC’J’  iutor, a trainer for operators of (iccp space
c.o]lllllt]llicatio]ls  stations,

lnlrodudion

l’]an rccognitim  ami agent mmiciing  capabilities arc valuable for intcliigcnt  tutoring  (Corbcti  et

al., 1990; Johnson, 1986), as wcli as other areas such as natural lal~guagc,  pmccssing

((~l~:i]l~i:ik&  Gol(il]lal~,  1991 ), cxpcr(  consultatiol~  (Cal istri, 1990), :inci taclical  (iccision making

(Anrcwicz cl al., 1986). I Iowcvc.r,  such capabilities arc difficult to implcmcjnt  atl(i  cmp]oy

cffcctivciy, for the following rcascms. l)lan rc.co:,nition techniques can bc ri,gid--thcy assume the,

agc.nt  is following a know]) plat~ step by step, an(i have (difficulty itltcrprc.tin.  g (icviations  front the

plan. ‘1’hc mocic]ing  pmccss can bc rii)(l(~)-(:()~  l,v~~(ii}lr(l,  postulating mental ac[ivitics that arc

(ii fficu]t to infer from the agent’s obscrvab]c. actions. An cxamp]c  of ti]is style of muicling  cat]

bc. seen in (Wa]xi,  1991), where the tutor at [cmpls to track tim st udcnt  by gcncrat  ing prmiuct ion

paths that coul{i  have lcci to an obscn~c{i  action. 1 ‘inall y, tky tcnci to bc 2/}?f[)(:[4.~e(/--tllcy  do not

target  their analysis on those situations where tutoriai  intc.rvcntion  is warrantc(i.  ]ior instance.,

itltc]iigcnt  tutors that usc mocic]  tracing (An(icrson ct al., 1990) to intc.rprct stu(icnt  actions Icn(i

to intervene whcncvcr the stu(ic.nt  wamicrs off of a correct solution  path; this intcrvclltion  policy

] l’w[ims of tl~is papm arc based m the AAA1-94  paper cati(lcd “Silua(c.d 1’laII Atiritmtim]  for Intelligent ‘1’u(oring
SysIcIIIs.” (Ilill & Johasoa, 1994)
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is potc.ntially  disrup(ivc  ancl (1OC.S not appc.al  to br basal on an analys is  of wl)cthcI it is

appropriate to intcrvcnc..

‘Ibis paper clcscribcs an approach to plan rc.cogl~iticm c.allcd ,~i[u[~fd pl(in  a//ribz4tioi/  thal  takes

these factors into account, Situated plan attribution analyms bolb tbc student’s actions and the.

environmental situation, Attention to the situation is important bccausc it allows the plal~

lc.c.ogniml’ to rccognim  wbcn the sladcnt  must dcvjatc  from the usual p]an, as WCII as a]tcmativc

ways of achieving the goals  of the plan. ‘J’his  flcxibi]ity  avoids  the rigidity pmblcms of otbcr

Icclmiqucs  such as Kautz,  and Allen’s dc(iuctivc  approach (Kaut~,&Allcn,  1986), which assamcs

[hat all possib]c  ways of performing an action arc known, an(i cvc.ry action is a step in a known

plan. ‘1’hc ability to mix goal-(iircctcci  ami rcactivc  behavior has aiso been foun(i [0 bc imporlant

for situalc(i  agents which musl mocic] tbc intcr~tions of other agents (’1’all113c&Rosclll>  looIll,

1 994).

(kmtcd: Operator Training

‘1’hc  situate.[i p]an attribution appmacil  was (icvciopc(i anti imp]cmc.nlcd  in or(icr 10 construct

an intc]]igcnt  tutorjn~  systcm Ca]ic(i  R] iA(YJ’ for training human opc.ra[m  of cOmp]cx  (icviccs.

“i’i]c training (iomail] is ti~c opcra[ion  of a cot~ll~ltlt~icatiol~s  link in N A S A ’ s  llccp !$pacc

N e t w o r k  (INN).  ‘J’lIc IXN is a wor]ciwi(ic systcm for navigatiflg,  tracking an(i communi-

cating with all of NASA’s unmanmxi  intcrplaactary  spacccmft. Opcrators of tim INN arc

lcsponsib]c for initializing  an(i controlling a complex array of (ic.vices, which ranp,c from the

lly(iI”:lUiiC  ]XIIN])S USC(i  to II1OVC  a 70-IIICIC1 :llltCllll:l  tO tk SOftW:il’C that COJltrOIS thC l’CCCiVCl’S,

c.xcitcrs  an(i ciigj[al  spcclra]  processor (1) S1’). ‘1’hc.y  must bc able to carry out c.omplcx

pmcc(iurcs accuratc]y,  as well as rccognizc  an(i rcsp(m(i to uncxpcclc(i  situations when timy

arise,.

r :1
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Mission: VLBI

-——.

. ..—

Procedures:
E*
Configure-DSP

e-Te’!l”””@~-D”’”l *””[p’”’b

Directives:
Cv

Load-Predicts llse’-.’’en~iv:~ga~ga——. .
l’igurc 1 1 ixamp]c of a task organize.~i inlo three. ICVCIS: Mission, Proc.c(ium, Ilircctivc.
cognitive mdcl treats the task organization as a prwblcm space bicrmcby, where cad
rcprcscnts a prob]cm space.

‘1 ‘Jlc
box



‘l’asks in this clomain arc organiz,c.d illlo three lcvc]s: m i s s i o n ,  proccd[ltrj and dirccliw.

‘I’hc mission is a (kscripticm  oflbcovcrall  task: it has a sc.t of goals, it has a collcctiou  of

(kvic.cs assigm(l 10 a co]]l]lllll)icaliol)s link, and ii has a sd of proccdurcs, where some of the.

procedures may bc common to other mission types. I’1’OCC(llI1’CS  also have $@s, madly  Wi[h

rcspcd  to the state d the dcvjccs  that they affect, ljac.h procedure has a scc]ucncc of dircclivcs

that will, under j(lcal circumslanccs, caasc the lil)k dcviccs  to behave in a dc.sire.(i  manner. A

(iircctivc  is a comman(i that is jssuccl by tk link operator to control a (kvicc in the c(m)muni-

cations link. l;or each (Iircc[ivc issud, a dircctivc  response is sent back jndicaling  whclhcr the

device acccptcd  or rcjcctcx]  lhc djrcct i VC.. If t hc d i rcc[ i vc is acccptcd,  the opcratm  w atclm for

event notice messages and attcncls  to subsystcn]  displays for indications thti[ the dircctivc bad

ils jntcn(icd cffcd.

An example of a Iask in this domain is shown it] liigarc 1. ‘1’hc mission js V] M] (Very 1 mg

llasclinc  IIltcrfc.rolllctry), and jt jnvo]vcs  pcrfmning the proccduics called Gnfigurc-IXl),

(:ollcl”c.llcc-”J’cst,  all(i so on. ‘1’hc Gnfigurc-lXl’  ]woccdurc has directives to: load the mis-

sion-spc.cific prediction data file (1 ,():i(l-1’lcclicls), set the attc.nualion  values on the

llltcll~~c(liz~tc  1 ‘rcqucncy Video l)own (lmvcr[c.r (Set- Al[ctl~~:itiolt- V:il~lcs), . . . . and SC.JCC(  a

recording dcvicc to capture thcj mission’s cc~ll-il]l~lllicalioll  data (Select-I< ccor(li Il~-llcvic(:).

1 kc}] of Ihc dircctivc  ac[ions invo]vcs  issuing a command (e.g. [hc 1 .oad-l’fcdicts  dircctivc is

N1 .OAll  predicfx-fi le).

1 ,ooking  a[ lijgarc 1, jt would  appc.ar  that tllc tasks in this domain  arc str:iiglllfolivar(l  and

would require little or no training -- just follow (I)c mission proccdurc mmuals.  Wc have frond,

however, ihnl this js not the approach taken by domain c.xpcr(s. ‘1’hrmgh intcrvicm’s  with c.xpml

opcratms and systcm cngincc.ts,  wc dc.tcmincd that the procc(iurc  manuals only Jmvjdc  a subsc[

of lhc know]cdgc nccdcd  10 succcssfally pc.rfol  m a mission  task. What is gcmral]y  lacking ja

the procc(iurc  manuals is a complctc dcscrjJJtion of the required dcvicc sta[c conditions bcfcm

and af[cr a dircctivc, is jssucd,  ‘1’bus, the. expert oJ>crator possesses :i kTIowJcdgc. of the Jmwondi-

tions and ]30stcc)Jl(liti{)11s  for each dircctivc  aacl verifies the.sc. concliiions  arc. satisfied before and

aftc.r  c.acJ~ dircctivc  js sent. OJma[mx who lack this know] cdgc.  may find it difficult to com])lctc,

CVC1l simJ~]c pl’occdul’cs,  SjllCC  the (~ilCCli  VCS may bc l’CjCC[Cd,  or WOI’SC, pat the dcvicc il)l(] al)

jnc(m’cct stale for [k pmccdum or mission. Jim example, (me. of the J>rcumditions  for the 1 A:d-

l’rdicls djrcctivc is that the Jmdicts-fi]c  bcjng loaded mast bc J3rcscnt on the systcm. lf the

1.oad-l)rcdicts  djrcctivc is issuccl  for the prc(iicts- file. named “JK” (i.e., N] ,OAll  JK), it will bc

rc:jcctcd  if a fi]c by that name is not Jwcsc.nt  in the Jmdicts fi]c dircctmy.

lkviccs  may cnlcr uncxpcctcd  states ciac  to failarcs, 1 ;ur[hcrmorc,  commands may have un -

cxpcctcd  effects when issncd in lhc wrong situation. 111 either case, 10 bccomc  aa c.xpcr[ opc.rdm

rc(Juircs learning to rccognizc  the dcvjcc  state. rcquircmcnts  (i.e., preconditions find
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postconditions) forcacb  dircdive  in every proccdum. It :ilsc)rcc]lliresl  lll(icrstall(lill~,t  llc.goals

associatd  wi[h each procuiurc,  since. in mtiny instances it is nccmsary to work aroun(i  (icvicc,

statcanomalics  in or(ic]’  tocol)lJ31ctct  ilc]lrC)cc.(illt  c..

1 mpasse-1  hiwn Tutoring

lntcractivc simulations can bc quite cffcctivc  for training comp]c.x,  situated tasks such as IISN

Opcl”ations.  ']']lc]<]}A[;'l'  [llt{Jr  issLlc]l:i sillllliatioll-bzisc{]  tt"aillillg  s>~s(c.lll. “1’i~c stu[ic.nt  pradiccs

carrying out various missions, by issuing (iircctivcs to compu(cr  simula[ims  of ti~c rca] (icviccs.

‘I’l~cy [l~clcbyb  ccolllcl  ~lorcf:~cilc.  with ti]c mission l>rc)cc(illlc.s,al~(i  gain c.xpcricnccin  (icaling

with tbc various anomalous situations that may arise. ‘1’bc initial version oftl~cl<llA~’1’tlltol

inc.orporatc,(i  custom-built simulations of tbc (icviccs in tbc, lXN c[~~lll~ltlllicatiol]  link. Our

currenl wmk makes usc of tim RlilllS simulation autimring  packa~c  (Munro d al., 1993) as a

I)asc.

Yet it was evident from tim beginning that a simulation alone wcm](i  bc insufficient as a

tl:iillillgsystclll. It is not always  c.vi(icnl  tolloviccs,  olcl~cl]t  ocx]>cj[s,  wlly]l:tl[iclll: ir(iilcctivcs

fail  an(i arc rcjcctcd. ‘J’his call  lca(i  10 confusion or frustration on the part of the Stuficllt.

liurtimmmrc,  it is ml always apparent at tbc time whctbc.r  a given mission was successfully

com])lctc(i.  'l'[~is istiscrio~ls  ]~l()blcl~~f  ()tlJSNIJ ]~cratiol~s:  incmrc.ct  cc>l~fig~lratiol~  cal~c.a~lscti~c

[iata being co]lcctcd  from the spacecraft to be garblc~i an(i meaningless, an(i this may not bc

(iiscovcre(i  until weeks later wbcn scientists inspect ti~c (iata ti~a[ was collcctc(i, ‘1’hcrcforc,  it is

apparent ti]at  some form of on-]inc  gui(iancc  or coaching is ncccssary in or(icr 10 c.nsurc Iilat

stucicntsl  cam cffcctivcly.

ID or(ic.rto(ictcrj~li~lc  how best to (icsiga atl~tor  for this task, acop,nitivc model ofsIuc!cIlts

i n t e r a c t i n g  with simu]atc(i  cicviccs was constractc(i  (llill&’.iohnson,  1993a).  one of tllc kc.y

conclusions from tilis stuciy  is tijat  tutorial intcradioa  shoLll(i  ccntcr aIoLln(i  iljjf~a,s,!c  poilrtl$.  An

impasse is (icfinc(i in ti~is work to bc an obstac]c  to problc.m solving, tilat rcsu]ts from either a

iack of knowicdgc or from incorrect knmvlcxigc (1 lill, 1993; llrown&Vanl  .chn, 1982; Vanl An,

] 982, ] g8~). @r results agree Witil tile. rcsLllts  of Carlic.r  stuciics (e.g., van]  .cbn, ] !)88) that

sLlggcst  that suci] im])assc,  points are natural lcaming oppor[unitics. When tile stu(icnt  is at an

itnpassc, hc or shc naturally seeks information tilat  can bc usc(i to ovcrcomc the impasse an(i

cont inue  tbc task. ]nfomatioa  offcrc(i by the. tutor at such points is rca(iily acccptc(i  anti

assimilatc(i.

‘1’hcsc conclusions arc. ti~c motivation for tim approach to tutoring  taken in the 1{1 iA~’J’ syst cm,

cal IcCi il]t]~(l.v,ve-(lrii~cll  luloring. la an illlJ>:tssc-(iii\’cll tutoring systcm,  tile stu(ic.nt is cailc{i upon

to carry oLl[ SpCCiflC  taSkS; ill R1;ACH”S case, tilcsc tasks arc missions J>crfol’mc(i  with Simu]ate(i
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(icviccs. ‘]’hc tutm” monitors the stuckn(’s actim]s,  but as ]cM)g as hc m’ she appears to be making

progress, it does not intervene. If m the. other hand the sludcnt  appears to bc. at an impfissc point,

the ILItOr will offer suggestions as to how 10 resolve the impasse an(i proceed  with the task. ‘1’hc

tutor  interrupts the students only when their actions are so faulty  that they it will bc difficul[ or

impossib]c  for them ever to complctc the task, and them js no obvious cue from the simulation

that things  arc going  wrong.

II) R1;ACT’S  particular case, student is assumed to have some uncicrstancling  of opc.ra[ional

procedures. } lowcvcr, the dcvjccs  may be jn ut)cxpcctcd  slates or bcl)avc jn uncxpcctcd ways;

the slu(lcnt  must learn 10 rceognizc.  such situatiol~s  and (ic.viate from tile stan(iarci  prmc(iurcs  as

necessary. RliAO’ rccognims  when ti)c stu(ic.nt  has rc.acile(i  an impasse, bccausc the stu(ic.n{’s

action has Pdilc{i or cannot achicvc jts iatc.n(ic(i  purpmc. in the. (icviccs’ currc<nl  state. It tilcn

coaci]cs tile stu(icn( through the jmpassc.

A tutor that js sensitive to such jmpasscs (iocs not run the risk of annoying ti]c stu(icn( witil

il~tcl”l”ll]>tiolls--tllc  stu(icnt’s problem solving has airca(iy  been jntcrruptc(i  by the impasse. ‘1’hc

tutoring system nce(i not jntcrvc.ne  in a heavy-han(icd fashion; ]t can serve as an information

resource tilat the stu(icnt can turn to for assistance as nccciui.  ‘1’hc stu(icnt tilcrcforc  has a greater

sense of cent ml over how the task js pcrformc(i.

~Sifuatd IBlalt  Attribution

‘1’hc qucsticm tilat  is tim focus of this paper is how best to track stu(ic.nt  performance jn a sitaatc(i

activity such as cicvjcc.  control, jn support  of jmpassc-(irivcn  tutoring. Prevjous approaches to

stu(icnt  tracking bavc serious cicficjcncies jn this context. Some (io not provj(ie  the flcxii>jiity

I]cc.(ic(i  for such ciynamic  (iomains. Otimrs incur  substantial computational an[i (icvclopmcnf

costs to Scncratc  information about the Stu(ic.nt  tilat  is of littic va]uc for the. tLItor. ‘J’he Situatc(i

plan attribution approach jmp]cmcntc(i  in R1 {A(;’1’  avoi(is both sets of pmblcms.  lt is highly

flexible, able to cope casjly  witil (icviations  from normal missjon  procc(iures.  It is specifically

cicsignc(i  to j[icntify  potcmtia]  impasse pojnts,  ami to un(icrstan(i  cnougil  of the s[u(icn[’s  plan to

bc able to offer usc.fu] a(ivicc at those pojntsi ‘1’his means lhat much of the computational eosl of

typicai  plan recognition or stu(icnt  mo(icling  techniques can bc avoi(icci.  OLlr stance is tilus

consistent wjth ti~at  of (Self, 1990), wim :irgucs that to make stu(icnt mo(icling tractable onc must

focus  m rcaiistic,  uscfu] objectives.

l’lan recognition approaches sueil as ti~at of (Kaut~,&Allcn,  1986) are inappropriate for

(iomains  sNch as the

cxamp]c, assume ti]a

aimut possible plans.

JSN because they make unrealistic assumptions. Kauty, an(i Allen, for

both ti~c observer :in(i the agent have comp]ctc Mci correct knowlc(ige

in the IXSN [iomain tilcrc is a stan(iard set of procc(iures,  which can serve
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as tbc. basis for a plan library. 1 lowcvcr, tbc plans do not always wok, and tbc studmls  do 110[

always know wbcn they can bc cxpc.ctccl  to work. Sys[cms such as lROIJS’1’ (Johnson, 1986) do

not lnake  such strong  assumptions, and arc ab]c to intcrprc.t  a varidy  of bLlggy plans;  bowe.vcr,

tbcy require dctailcci kmwldgc  of tbc kinds of plan deviations thal may bc cxpcdccl. Othcrs

sLlcb as (Glistri 1990) require kaowlcdgc of tbc probabi]itics  of various l~liscollce]>tiolls.  ‘1’hc.

computational costs of plan recognition sys(cms can bc quite high: Kau[z,  and Allen’s tccblliquc.

involves automated dccluction,  and otbcr sys[cms such as tl)al  of (Murray, 1986) atld (Allcmang,

1 990) rc]y cm tbcorcln  proving to dctcminc whether or not the stLldcnt’s  plan is correct,

As it turns  out, com]dcx plan recognition algorithms arc largely supcri’lmms for situate.d tasks.

“1’bc above :~Jqmacbcs assamc that onc Inust analy~c  the plaI) in order to (lctcrminc  wbc[bcr m

IIOt it is fi~ul(y. ]lut in domains such as tbc I)SN onc need simply monitor lhc. cxccu(ion  of tbc

])lan and scc wbctbcr or not it bas tbc desired effect. If the directives issacd by the student arc

rcjcctcd,  then Ibc plan mus(  bc in error, and analysis of wby tbc rcjcclion occurred can help

pinpoin[  the error. If the plan cxccutcs  successfully, and has tbc dc.sired effect, tbcn it must have.

bccll comet; a{ any rate no tutorial  intervention is wauantcd,  lmcausc  no impasse occurred.

‘1’hcrcfmc.  tbc situalcd plan attribution approach involves simultaneous monitoring of tbc

student’s actions and tbc silnulated  c.lll~ilo]l]])c.llt,  without cxpcllsivc  plan analyses.

Mdcl tracing systems such as that of (Anderson ct. al, 1990) cnccmntcr  difficulties that arc in

many ways similar to tbosc of plan recognition systems. ]n lbc mode] tracing approach, an

cxcmtablc  mmlcl of tbc student’s pcrfomancc is cons[ructcct. llacll s[udcnt  action is matcbc.d

against the mmic.i, in an attcmpl to predict and account for each action, such Cxcclllab]c

cognitive moctcls call  bc quite  detailed--in cx[rcmc cases such as tbc systcm  of (Wad, 1 991),

internal cognitive proccsscs  such as pcrccptiol)  arc. modeled as WC]]. Since such mental

operations arc not ciircctly  observable, Ibc matching process bccomcs  ambiguous and intract:iblc.

‘1’hc sitllatc~i  plan attribution  approach adopts some of tbc features of the. modci  Iracing

approach, whi]c. avoiding, tbc problems that incrcasc. computational cost, It tracks the stuclcnt’s

])lan at an abstract level, at tbc level of missions atld high-level procedures. ‘J’his  corrcspon(is  to

]nodcl tracjng in [he sense that tbc systcm follows what tbc student is dojng  on tbc basis of its

know]cdgc  of how to carry out tbc task. 1 lowcvcr, an c.xccutab]c  cognitive mode] is not usually

rcquirccl.  ‘1’bc systcm traces the student by rccogniying  actjons that arc consistent with the

cxpcctcd plan. Actions that the., sybstcm  (iocs not recognize am ignore.d, un]css  they have an

undesirable, effect on tbc. st atc of one. or more device.s. An c.xccutablc,  cognitive model, based on

tbc onc mcntionc~i in tbc previous section, is cmj)loyc(i,  but only wbcn an impasse is cictcctc(i

ami the. plan is foun(i to bc illa]>j~l[)l~l”i:itc  for tbc currcmt  state of tbc cic.vjcc,s.  l;ur[bcrmorc, tbc

c.mpbasis here is not on inferring CII”OIS in tbc slu{icnt’s know] c(igc bat i]] (ic.tcmining  wbal

know] c(igc an expert would require in or(icr to ovcrcomc  the. impasse.. Thus computational effort
6



is]imilcd  onlyto what is required  in ordcrtohclp  stll(lcllts  rcsolvc  illl]lasscs. 1 hll’lhcrmol’c,  cl-roll

(Iccrcascs over time, bccausc whcncve.r the systcm cmp]oys the cxpc.r(  cognitive model  to

analyz,c  lhc. si[uatim,  it rc.mc.mbm tlm results of the analysis for usc in similar situations.

Wc estimate that there arc many real-world skills whine feedback from the environment can

guide the pmblcm solving problcm  solvi~lg,  pmccss as in 1<1 iAO’. lntclligcnt tutoring systems

tend (0 ovcrlmk  the ro]c of the cnvironmcnl bccausc they arc frequently app]icd  to abstract

domains such as geometry or subtraction. 1 ;vcn in these. domains there may bc useful

environmental cLlcs to c.xploit.  I/or example., intelligent tutors  for programming tend not 10 take

a(ivantagc.  of fccclback from actually running the stuclcnt’s  Jwogram, although rc.cent work such as

G]]. is making such feedback more readily availab]c to the student (Rc.iscr ct al., 1989)

lhampk  l’roblcm

‘1’o i]lus~ratc, how Rl{A~rl’ works wc wi l l  now dc.scr ibe an cxamp]c from our task dolnain.

Stu(lcmts arc assignc(t  missions thal invo]vc activi(ics such as configuring and calibrating a set of

col~ll~~tlllicatiol~s  dcviccs,  establishing a link to a spcccrafl,  recording data from the spacccraf(,

and transferring the rccorcicd data to a control ccntcr. ‘1’hcsc tasks invo]vc  sc.n(ling comnlan(ls

asynchronously via a computer tcminal  over a ]ocal arc.a network to the dc.vices. Standard

command scqucnccs for each type of mission Rrc defined by proccdurc manuals. ‘1’hc dcviccs

initially Icspond to each commaacl with an ia(lication  of whether the command is ac.cc.ptc(i  or

rcjcctcd;  if acccptc(i, the (icviccs require time 10 cilangc stale.

—. ..—
~hlfi~Lllc-l)S]’ Cohcrcncc-’l’csl.—

C o m m a n d l)cscripti(m Command l)cscrip(ion— —  —
N1 /OAl) x lc )a( l - l ) tecl icts-f i le NI’CG x SCI N1’(U[i  I) I()(Ic

Nl{h41H)  x Sclccl-lccot”dcl’ NRUN .x
SA’1’ x

1’111) NC]{ }MX)~tal)l
S-band atlcmuation NIY1’lix enable lY1’I  \

N’1’01’  ~- Y sc.1 tcmpcratum N](}rl’ ~- CIM1)IC  N1ilrJ’
01’s’1’ x SC( off sit time

]?j~[]~(!  mill])k J)lOCC(illl”CS

1 ‘igurc 2 shows two proccciLIIcs. ‘1’i]c first prmc(iurc, Gnfigurc-1X31’,  is usc(i to configure the

IX]’ subsystem, wilich  is useci for spcclrum  processing. ‘1’hc steps mostly invo]vc.  loa(iing or

sct(ing  parameters ami selecting (icviccx. ‘J’hc sc.ccm(i  pmcc(iurc, 03hcrcncc-’l  ‘cst, is usc.(i to test

tile continuity an[i cohcrcncc of the collllll~lllic~!tiol~s  link; it is sLIpposcci  to bc. cxccutexi after the

Gnfigurc-] )S1> pmccciurc has been complc.tcci.

WC, wiii walk tilrough tile cxamp]c  shown in 1 ~igurc  3 to illustmtc  how Rl;AO’ ovc.rcomcs  the

impediments [0 plan recognition. 1 lcrc a stu(icnt begins with {~ol)figLlrc.-I)  Sl”s first cmnmami  for
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IcMKiing  k prcdids  file, N] .OAIJ JK, 1.inc 1 S11OWS the. N] .OAIJ command, and line 2. shows the

kvicc’s  response, C. OMP1.] ~llil~,  indicating ti]at the command was acccptcd. 1 lvcrythil]g  is

]m~cccdi~lg as prcclic[cd by the plan: the correct cmmmind was issued by the stLlcicnt  and it was

:Icccptcd by the dcvicc.

#l
——

1
2
3
4

5
6
7
8
9

1(1
11
1?
13
14

Is
16
17
18

]$
2.(
21
22

:Olumaacls / Rcsprmscs

> NI /OAl)  JK
> COMl’]  .1 i’I’li l).
> NRMlil)  1,1)()
>RILll KH’lil),  I /1)() 1)1 SAB1 /1;1)

>I,l)oli
> COMI)I  ,1;1’111).  1,1)():  ONI ,N
> Nl{Mlill  1/110
> COMI’1  ,11’1’lil).
> SArl’ 55
> COM1’1,11’l’JH).
> N’1’[)1’  20.() 30.()
> [X)MI’1  ,Ii’1’lil).
> NI’CG  MAN
> COM 1’1,1 i’1’l 0).

> 01 S’1’ 2.7
> COM1’1/1;’1’111 ).
> NRUN C{)] ,1)
> COMI’1  ,Ii’1’lil).

>NIY1’I~l\
> CO MI’1 /1YJ’1 ii).
>NII’1~1’li
> [YOM]’]  ,Ii’I’) 111.

‘1’IIc NRMliI)  commaad  f a i l e d  bccaasc  oac of  i[s
ptcctmditions  was uasalisfic.d: I ,1)0 should  bc ia tl]c
ONI lNli mode ias(cad of (I)c O1;l;l ,IN1{ mode. ‘lo
msolvc. (IK impasse,
ISsllc (Ilc cmllmand:  I /1)()1 i, ‘1’hca
]ssac (I)c comlnaad:  Nl<MIil) 1 J )()

You  Slallcd (Ilc [:ol)clcl)cc-’l’cst pl”occdlllc I)c{ol”c.  y e l l

finished the. (kmfigum-] )S1’ ptoccdurc.
ISsllc [k Comlllaa(l:  01’s’1’ <>

Yoa failed 10 achicvc  oac of the goals of (IK Configarc-
l) S}) pmcc(lurc: SA’I’  = 12.
]ssuc the cmnmarld: N1l)l.1 i RIK1, ‘J’hcn
lSSUC (I)c cmnmaa(l:  SA’I’  1?.

Figure 3: An cxamp]c of Iutming  with 1<1 iA(Y1’

‘1’bings p,ct a bit mmc complicated on lines 3 through 7. On line 3 the student issues the next

command in the Configure-IX3P plan,  NRM1 0>. ‘1’his command follows tbc C;(~]]fig~l]e.-I)SI’  plan

c.xaclly, but the situation actually requires a different action to bc taken, 1 .1X) 11, (i.e., enable

rccordc.r  1 .110), which is why the. commancl  is I cjcctc.(i  on line 4. I{}{ AC’l’ thus must rccogtli~c
~I]lcll  (~cvja~jolls  fl.olll  the p]a]) alc Wallal)lc,(l;  it (1OCS this b y  first noting IhC. ]cjcct ion til)d

rc.asoning about  why the action was not appropl  iatc. in this case the. command was rcicctcci duc

[o an ac[im  constraint violation (i.e., an unsatisfied precondition) by the NRM1OI comlnand.

Rl}ACrl’ explains its reasoning about  the. violation as WC1l as deriving a way to rcso]ve the
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difficulty. “1’hc difficulty is vicwcxi as an impasse bccausc  it prcvcmts  the student from continuing

with Ihc procdurc,  and it suggests a gap in the. sludcllt’s knowldgc--if  hc had a good grasp of

the procdurc,  hc would have. known to check the s[atc of recorder 1.1X) bcfom selecting it. At

litm 7 (I]c student issues  the NRMI;I)  command a second time; the plan calls for il to be issuc(i

just once. ‘1’hc suxmd occurrence of the command is dc.(cmincd  to bc appropriate. given that the

first attempt at this action failed.

‘]’hc cxamp]c  next i]]ustl”atcs difficu]tics  that al’isc. when the student fo]]ows a plan but fidils to

achicvc  its goals. The commands and rcspmsc.s  on lines 9 through  14 follow the Gm~figurc,  -I Xl’

]Jlan exactly and all of the commands arc acccpte(i  by the dcvicc, I lowcvcr, the p:iramctcr  value

of the SA’J’ (Set S-13anCi attenuation va]uc) command, 55, will not achicvc  one of the. proccdurc’s

~oals, that the value sbou](i bc ] 2 by the time of the proccdurc’s  completion, ‘1’bis goal is not

explicitly stated in the proccdurc,  rather, it is dc.rivablc from the mission support data provided to

the Stu(lcnt. If the student dots not correct this setting, it will affect the quality of the

cc)llll~l~ll~icatiol~s  link with the. spacccraf(  and of the data being rccordcd. IJai Iurc to achicvc a

goat is another type of impasse that can occur wbcn a student is pcrfmming  a task, indicatil~g

iil)otl]cl. type of knowledge gap in the studc}lt’s  skill set. RliAO’ gives the student the

opportunity to correct the error alcmc, but will intcrvcnc  if not, before it is too late to correct it.

When it detects the NRUN CO] J J (i.c,, run NC]] program) command on ]inc. 19, that belongs to

the Cohcrcncc-rl’csf  I)lan, it initia(cs the interaction concerning the unsatisfied goal. in {his case

Rl~ACH’  also employs its expert cognitive mode] to analym  the cause of the impasse and

dctcnninc a solution.

‘1’hc final point made by the cxamp]c  ccntcrs  on the actions listed on lines 15 through 18, On

line. t 5 the studcmt sends the NPCG MAN (i.e., set the NIKX; dcvicc  to manual mode) comnland,

which is the firsl command in the Cohcrcncc-”]’cst  proccdLlrc.,  prior to finishing the Confi[~urc-

1)s1’ procc(lurc, which has O1;S1’ (set the offset time.)  as its last command. ‘1’his is a

s[]:iigl]tf[~]’war{l case of misordcrc.(1 plans, and l<liAC’1’  immediately alcr(s the student [hat a step

was missed prim to starlins  the Iww proccdurc (SCC line 16). RIIAU’  rccogni~m this type of

impasse as a plan cic])cndcncy  violation.

]]O\}f RICAC’J’ Works

‘J’hrcc types of impasses were intmduccd in the above cxamp]c: (a) actioIl constraint impasses,

whc.rc the stucicnl  takes an action that is in the ])lan but which the situation (iocs not warrant, (b)

goat failure impasses, where the student completes a plaIl without having  achicvcd  its goals, and

(c) plan dcpcndcncy  impasses, where the. studc.t]t  cxccutcs  a plan before successfully completing

9



onc of its Kx]llircd  prc(icccssol’s, Wc will now ~ivc the details of how 1<1 iA<:’1’ rccogni~,cs an(i

mso]vcs  each of lhcsc  types of impasses.

Soar cognitive architecture

1<1 iA[H’ is implcmmtcci in Soar, an integratui  problem solving anci lc.araing  architecture that

implc.mcnts  a thccwy of ilumaa cognition (1 .ail(i  cl al., ] 987; Ncwc]], ] 990; ]<osc]][)]o~m  &

Newell, 1986). The Soar architcctarc.  e.mbo(iicx the concept of problem solving as a goal-

oricmtcci  activity involving the search for an(i application of operators 10 a stale in or(icr to a[[ain

some (icsircci  results. ‘l’asks in Soar arc rcprcscntc(i  aa(i pcrfomui  in problcm spaces. A Soar

]~roblcm space consists of a collection of operators an(i states. Search takes p]acc ill (I]c

])icrarchy  of problcJn spaces. Opcrators arc proposed, sclcctd,  and applied to the current state;

the resulting state changes may cause other operators in the. pmblcm space to bc proposui,

scicctc(i, an(i app]ic(i,  which goes on until the goal of the pmblcm space  is achicvc(i. lmpasscs

occur in Soar when the problcm  solve.r stops making pmgmss. ‘1’0 resolve an impasse, [ilc Soar

problcm solver crcatcs a subgoal anti SCICCM a (iiffcrcat prob]cm sJ~acc  where other opcratms arc

avaiiab]c  for solving the problcm. Whca subgml pmblcm solving is successful, ti~c results arc

savc(i in JICW prmiuctions  crcatcci  by Soar’s chunkiag  mechanism, which also save.s the

con[iitioas that lcci to the impasse in the first place. cl’hc nc.xt  time the con(iitions  occur the

Icarnc(i cilunk  wiil bc app]icci  iastc,aci  of havin~, to search for an operator in the goal hierarchy.

‘1’bus, tile pmblcm  space. hierarchy is scarchc(i via subgoaiing, aa(i lcaraiag  occurs when a

subgoal  yic.l(is  a result.

Knowledge rcprmcmhtion in l{lCAC’1’

R] iAC;’1’  mocic]s  scverai other aspects of plans bc.si(ics the compmcnt  actions shown in 1 ‘igurc 2,

as will bc. briefly (ic,scribmi below. lior cacl] Iypc of mission (bc temporal pmccxicncc

relationships among the plans is mmiclc(i with a (iircctc(i  graph structure. c:illc(i  a temporal

(icpcn(icncy nctwmk (“I’l JN) (l~ayya(i&(~()()]~cl,  1992). A plan has a aamc aa(i three attributes:

state, cxccutioa status an(i goal status. ‘1’i]c state of a plan can bc either active m iaactivc;  a plan

is consi(icrc~i to bc act ivc once all of its prccic.cc,ssors  in tbc. “1’I)N have been succcssfal  1 y

complctc~i.  It is inactive prior to being active, aa(i it bccomcs inactive again once it has bcca

Succcssfllliy  Ccmlplctcci. A plants  execution status  (iacomp]ctc or comp]ctc) is (ictcrminc(i by

whether all of its comman(is  have bcca obscrwxi.  1 iach plan’s goal s[at as is markc(i satisficci if

all its goals  have been satisficci, otherwise it is uasatisfic(i.

l’lans have two mlitics  associatui  with thcm: operators (commall(is) ami Seals. ‘1’iw opcl atms

for the plans namcci  Omfigarc-lXl’ ami ~;[)ilcrc.1lcc-’l’cst  arc shown in 1 ‘igurc 2.. 1 iacb operator

has a set of prccon(iitims. A prcccm(iition is a tuplc rcprcscntinjg  :i cicvicc  state that must bc true



bcfcwc it can bc ccmsidcrccl  satisfic(l.  Similady, a p]atl goal is also a tup]c that Icprmmts  a dcvicc.

s[atc. As will bc seen in the followjng  scc[ims,  all active plan’s goals am jildivj(lually  monjlorcd

I’m satisfaction at all times.

Problmn solving organization of l<ltAC’J’

‘1’hc pmblcm solvinp  in RliAO’ is organiz,c.(i  into two high-lcvc]  activities: pl(iIz  tmckins  ancl

inlpassc  intcrpmtaticm. Plan tracking  involves watching the student interact with the

cnvjmnmcnt and deciding whctbcr the staclcnt’s  actions am appropriate for the assigllcd  task and

sit Nat ion. An inappropriate action  is classified into an impasse catcgmy, and 1<1 lACUrJ’ intcqmts

the jmpassc by executing  at) cxpmt cogni(ivc  Jmdcl to explain  the impasse and to silggcst  repairs

to the. pmccdure Ihat wjll ovctcmc  it. “1’hc rcsu]titlg  cxp]anatioll  js used for tutoring  the student.

l’lan tracking  is implcmcntccl  by pcrfoming  the following activities:

●  l)erceivc  ohjccl.v itl tltc ctll~i~”c~tlljlclll,- 1<1 {AITI’  must continumsly  monitor  the attrilmtc.s  of each

of the objects ia the cllvimnmc.nt. ‘]’hc pcrccivc.-ohjcct  opcratm in }Jigurc 4 initially pcmeivcs

each of the objects in the cnvjmnmcnt ami rcgistcw thcm jn I< I{ ACTJ”S working mcmmy. ‘1’hcsc

attribu[c,  values arc upclatccl  as the objcc{s  am obscrvc(i  to change state in the cnvjmnmc.nt.

● Mm ilm and c wlufile slIMlen 1 {jction,v: lhch  of the student’s actions is obscmd and matched

with a plan. I>urjng  the plan matching, pmfcmlcc  is given to active. plans  over inactive plans.

1 .ikcwisc, the effects of the action m the clcvicc. arc also evaluated to clctcrminc whether the

action  was SUCCCSSfLll]y  COJll])]CtC(]  or I)ot. If at) action was unsucccssfu],  it is immediately

classified as an action-constraint impasse. Regardless of the actio]]rs outcome, the plau

containing  the acticm is markd  with the mafch. If the action  does 1101 match ally active plan but

(1OC.S mtitch with an jnactive  plan, tbcn 1<1 tA~rl’ rc.cogni~,cs  that a ]>lal)-(lcl>c]~(icl]cy  impasse has

occumd.  All the activjtics for cvaluat  ing indivi(iual  actions arc performed by the ana 1 YZ, e -

aci. i on – response operator m(l its associated problem space; every (Iii.cctivc-].e.s])o]lse pair is

anal ymcl by subgoaling  into the. anal yxe-  ac: t i on- response.  problem  space, whcm the plml

matching tin(l jnqmsse  recognition occurs, Subgoal  il)g into this problcm space occurs  regardless

of whether the student (lid what was cxpcctc.d or t)ot,  ad chuI)ks are built each time the subgoal

succcssful]y tcminatcs. ‘1’hc multing chunks  eliminate. the IICCC1 to subgoal into this pmblcm

space the next Iimc the same sit Llatioa  occurs.

●  h40nitor ind iv idua l  goal SI{I(MS: ‘1’hc achicvcmmt  status of the individual  goals  of active plans

is continually mcmitorcd.  A plan’s goals bc.gin  to bc monitmcd when the. plan bccmmcs active;

mol-litoljllg ends whcm the plan is inactive.. ‘1’hc recogni ze - clesi red- resul t,s opc.mtm

tests for salisficcl goals, while the recogni ze - undesi  reel- resul tS o]]crator tests for

ul]satisfic(l  goals.



●  ll!on ilOv  cmjwlcf  iw goal sl{1114.v: 111 acl(lition to testing for tlm satisfaction of individual  goals,

1<1 iACT also continually moni[ms wbcthm the conjunction  of a plan’s goals bas bwm acbicvcd.

‘1’hc ]ccogl]iz,c-goal-colll]>lctioll  operator  tests for the colljllimtivc  satisfaction of a plan’s goals.

●  Mo})ilot.  plaII c.xcct41i0n  sla(Ms: IIcsidcs monitoring  whc.tlm a plan’s  goals have bccm achicvcd,

l<liAU’  also monitors whether all of a plan’s actions  have been matchc(l, ‘1’hc p]an is marked

(; OM1’1  .1i’1’lil~  once all of its actions have been observed. “1’he recognj  Ye- plan-

ccmpl  e~j on opc.rater is rcspcmsiblc.  for monitoring  a plan’s  cxccLltion  status.

top-level proJlem space
● recognize-desired-results

resolve-goal- failure-impasse
resolve-action -constraint-irnpassc

● recognize-plan-completion resolve -plan-dependency-impasse
● analyze-action-response

[esolve-pLan -
dependency-irnpasse

~nalyze-actjon: gwaluate-plan
[es~on.se ~oblem  space
problem space plan-operator (e.g. seleci-racorder)

.vcrify-precon  ditions
problem~ace

LEGEND:

[epair-UNSA  T-precondition
problcrn spa~c

.ver;fy-postconditions
problem space

U Problem space s operatcw
f

subgoal relationship

plain text -- plan tracking italicized text -. impasse interpretation

l~igure 4: RIiAU”s problem  space l~icmchy

9 F;wi 114{1  1(? Cmlplc  1(?{1  ])1[111 ,V : If a plal) marked “complctcd”  has unsatisfied goals, thcl~ RIIAU’

rc.cogni~,cs that a goal-failure impasse bas occllrmi. ‘1’hc eval uzit-e  - PI an operator is used to

pcrfom this analysis--it subgoals into the eva 1 uat.e - p] an problem space whc]c a

dctcmination  is made of whether the complc~c(l  plan has satisfied its goals. (lLlnks  am buiit

summari~ing  the results of tbc c.valuation,  once a dctcminatiol~  of wbc.tbcr or not a goal failure

impasse cxis[s.

]mpassc interpretation, which is pcrfomml  by the. ilalici~cd  Soar problem spaces SI1OWI) in

1 iifyrc 4, is implemented by pctfoming  the following activities:
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●  l<c.volvc a plan (Ic]xndc)l  cy inlj)asse: RliAC:’J’  fil’s[ dCtCI1lliIICS WhiCh ])]WIS  shml](]  h~VC bCC1l

active at the time that Ihc Stll(lcl)t  took the illapplopl’iatc  action. ‘1’hc. situation may have

wamntc{l  a deviation from the stanclard pmccdLlm,  c.~., the Jmcondition  of an action  was

unsatisfied. R1 lAC1’1’  checks the cffccls of the s[udcmt’s  actions  to dctc.mine whctbcr it satisfies a

precondition m else satisfies a goal of om of the plans. If ci[bcr of these. cases is tmc, the

impasse is intcqwctc(l  10 bc a situationally wfirrantcd  {Icviationj  and m fLlrthc.r  intcqwctation  is

ncc,cssary. 0]1 the other haml, if the action cm not bc justified by the situation], then R] iAO’

nolifics  the student of the violation of the plan odcring. ‘1’hc resol ve-pl an- dependency  -

j mpas se operator is initially sclcctcd  for these. tasks, and it subgoals into a problcm space by

I k same name wlmc. the jntcq>rct  atim  steps just dcscribcd  arc t akcn.

●  I< CSOIVC a goal  fhil[4m inlpa,vsc: When a goal failure impasse is dctcctcd,  RliA(;rJ’ selects the

plan whmc  the goal  f a i lu re  impasse  occurrc(l  an(l (lc(crminc.s  how to achicvc.  tbc unsatisfic.[i

goals.  11 reviews the plan,  which contains  some history of how the s[udcnt  cxccutcd  its actions,

by chc.eking the operators related to the utlac})icvcd  goals  to dclcminc  whcthm the stLldcnt  scflt

the. correct  parameters with the action, Rl}AO’ intcmally  simu]atcs  the cxccwtion  of the plan by

selecting the appropriate action opcratcm,  vclifying its prcccmdiliolls  arc satisfied, repairing any

unsatisfied prcconclitions,  and vcxifyinp,  that the actions’ pmlconditicms  arc satisfied. ‘1’0 repair

all unsatisfic(i  prccomliticm  may involve, l’cc.uwivc.ly  sc.tccting and applying otbcr actions  ill the

same mannc].  RliACH’  follows this procc.ss until the. plan’s goals am achicvc,(i.  II) the pmccss of

solving  the problcm,  1<) iAU’ gcncmtcs  an cxplanatim  for tutoring,  the. studc.nt about  the impasse.

Note that the slcps just (Icsc]ibcci  for ]csolving  a goal  failure impitssc  arc graphically pol[uaycd

in 1 JigLllc  4 as a hicl.arch y of pmblcm spaces, beginning with tlm operator  call ccl Iabc.tc.d

rc:sc)l ve - goal – fai 1 ure - impasse, which subgoa]s  jnto the plan problcm space. It js it~

t hc plan problcm space that the il~dividual  plan opcrat  o]s arc chcckc.d.  If al] opcratm’ is suspcctc(l

a s  lhc cxILlsc  for Ibc goal fail Llrc, it js sclcctcd  and sLlbgoals  arc fcmml for the opc.ralm and

subscqucnt]y  to verify its p]ccon(litions and so on. As in the other cases wbc]c there is

Sllbgoa]illg, c}~tlnks  arc fomlcd that save the rcsu]ts of the analysis for usc ill fatul’c. situations

whcm tbc same goal failure  occurs.

●  l<r.wlve (in actiwl coiislr{iint  it]]j){is.vc: R] {AC~’1’ hamllcs this [ypc of impasse ill much the same

way as a goal fail L~rc impasse. ‘1’hc main diffc.rcmc is that it focuses on how to corrcc[ly  apply a

sing]c operator within  the plan ratbcr that] on the achicvcmcnt of the goals  of tbc who]c J~lan.

IIcncc, the resolve- acti on- const,  raj nt- j mpasse  opc]atm  subgoals into the plan

containing the suspect opclatcw,  an(i immcdiatc]y subgoals into the plan-opcrato]’s p]dlcm

Space. As with the case of a goal failure impasse, subgoals arc also formed to verify the

opcl’ator’s  preconditions, repair unsatisfic(l preconditions, and verify its j)ostco])(lit io]ls. ”
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‘1’hc pmblcm solving in RliACH’ bears a lcsc.mblancc  to the. approach in 011  il~ (1 lammon(i,

I 990): the general strategy is to notice a failure,  build al] explanation for it, usc the. explanation to

dctcrminc a lcpail  slratcgy, and so on. RIiAC;’l”s  repair strategy  cm]>hasi~,cs treating failures

rc.latc(l  tounsatisficcl  preconditions, which is similarto  Olli Ii, but I<liA(H’ gcncralcs repairs m]

lhe fly rather than using a case-based a]qwoacl). II] addition,  ccr[ain types of repairs done by

(311 i] i ale not appropriate in RliA~’1’ because they woulcl imp] y intervening before the impasse

was clear to the stucient.  Rl\A~rI’  permits  the student  to fix problems; the lL]tor only intervenes

when it is c]cal’ that Ihc stLlcicnt  has leached  an impasse. in ]~roblcm so]ving.

lhamplc  revisited

‘1’o illuslra(e how RliA(3’  works,  wc will revisit the previously used example showr~ in liigLltc  3,

focusing on the aclion constraint imJ>assc  that occurred  on lines 3 and 4, where the s[Lldcnt issued

the NRM1 ill 1.110 command and it was subscqucntl  y rcjectcd. ‘]’hc collllllall(l-lcs]>ol~sc  pair on

lines 3 anti 4 is detcctccl by the. anal y~,e-  ac ti on- response operator (Iiigurc  4), which

subgoals  into the anal yze–act,  i on-response ]Noblcm space whc]c the NRMIII) command

is matchcc]  to the. active  plan callc(l ~;onfigtlrc-1  )S1> (I:igllrc 2). Since the comman(l was rcjcctc(l

by the simulator, the. opcralor sets a flag indicating  an action  constraint impasse. and the sLIbgoal

tcnninatcs. ‘1’hcII the reso] ve - act. i on-c  ;ons;trai  nt_- i rnpasse  opcmtor  is sclcctcxt  and a

s~lt~goal into the ~onfigurc-l  XP Plan problcm  space is fonncd. “1’hc opcratcw corresponding to

the N1<M]ilJ command callc(i se] ect - recordi  ng - devi ce is sclcctcd  al~(l it stlkoals  il~to

the Se 1 ec t-- recordi ng - device problem space (shown as Plan Opcrator l’roblcm Space in

I ‘igurc 4.) A subgoal into the. veri f y- precc)ndi t i ons problem space is made for each of

the se] ect-recording  - devi Ce opc.IatoI’s  prc.conditions. As it turns out, the prccomlition

that says that the recording device being  selected must be in the ONI .lNli mock is unsatisfic.d.

‘1’his is where the first part of the cxplanat  ion on line 4 in l;igurc  3 is gcncratcd.  Next, 1<1 iA~rl’

sut>goals  into lhc repai r- lJNSA1’- precondi t-i on prob]cm  space., where it is dctcmincf]  that

issuing the 1.110 li (cnab]c recording device  1 .1 X)) command will satisfy the precondition. ‘J’his

information is also put into the explanation 01) lillc.  4 of the cxamp]c. }iinally, once the

prccondi[ion  is satisficcl, the se] ect- recorcii  ng- device problem  space simLllatcs  scncliag

the NRM 11111.110 commanct  (select the recoding  device namcci  1.1)()), and this is also ad(lcd to

the explanation and this subgoal terminates. Since 1<1 iAC;’1’  has dc.tcrmincd  how to resolve the

impasse., all of the. subgoals in the hierarchy terminate and the impasse lccognition operators

resume. their wok with the next action-response pair.



‘J’dor lmprows with lhqmricmce

RI ~A(U’ was implc]ncntccl  to take advantage  of Soar’s lcatming capability. Onc conscqLlcncc  of

having  a tatol  that learns is that its efficiency improves  with cxpcricncc. Since  it is desirable to

intcracl  with the s[LIdcnt as C1OSC to Ihe impasse. point as possible. (Ilill & .lohnson,  1993a),  a

h i g h l y  cfficicnt pmb]cm solvit]g  schcmc is clcsirab]c. A s  t h e  tLItor g a i n s  cxpm”icncc w i t h

different stLldcnt  impasses, the knowledge of how to rccogni~,c  and iatcqwet these impasses is

stlmmarir,  cd in new Soar puxiuctions  callc(i chunks. ‘1’hc chL]nks improve  t h e  Iutor’s

]~crformance significantly, since they limi[ the amount  of sca~ch  rc.quired to solve a similar

]Noblem again.

‘1’hc sccomi consequence of having  a Iator that learns  is that it affcc[s the tLItoI’s architc.cture.

1<1 iA~T’s architc.cturc  effective] y challgcs as learning  takes J>lacc: Ihe tatcw’s knowledge becomes

more }lroccdural a s  i t  gains cxpcricnce, and i t  bccomc<s  more intcgratc{l and l e s s

colll]>al[lllclltali~jc(l.

‘1’able 1: Performance (in sccon(is)  for lccogtli~jing  and illtcqlrctillg  an action  constraint  violation
impasse before  anti after chunki  ag

IHTicicmy  lmprowmcnt:  ]mpasse Rcmgnit ion Chunks

R1iAU”s  ability to recognize  impasses improves  each time it succcssfLl]]y  rccogni~,es  a

previously unobsc]vcd stLldcnt  ac[icm. 1 ‘or example, caci~ time the R1 !ACY1’ t L]tor subgoals into

the anal yze - act. i on-response ]woblcm space (I;igam 4), sacccssfu]ly matches all action

to a plan, ancl (ictcrlnincs  whctbcr Ihc]e is an ilnpassc  o]’ not, chunks  arc imilt that summarize ti]c

problem solving  timt occarrcd in that subgoal ]woblcm space. ‘J’hc next time lhat RIiA~rl’  sccs

tim same. action Llll(icr similar circumstancc,s,  it will not crcatc a subgoal ailcl  scarcb for a match

because thcIc will bc. a set of chunks  [ila[ rccogniz,c the action  and know ilow to intcrprc.t it. “1’he

rcsu]t of having  chunke(i  knowledge is that impasses can bc rccogtli~,cd  more rapidly  since less

search is required.

‘1’ab]c  1 shows the amount  of [imc it takes to rccognizc  aa action  constl”ainl  impasse involving

Ihc, N1 XIAI> an(i SArl’ commands  before .  al~(i af[cr chunking. 1]] botil case.s the impasse

recognition time was rcciL]ccd  by over fifty ]m]cc.nt using chunks. Before chunking it took

approximately 0.20 scccm(is to ]ccogtli~,c  all impasse and after chunkin~  to took ().()8 sccon(is.
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]lfficic]lcy ]IIIIM-OVCINCI1l:  lmpassc lntcrprdation  Chunks

IIcsiclcs using chunking  to improve the impasse rc.cognition  p]occss,  RliA(H’ also takes

significant advanlagc of chunking when intc.qwc[ing  the impasse. Aflc] the rccogtlizing the

inlpassc,  the next step is to explain the nat Lll”c of the impasse and dctcnninc  a way to resolve it.

‘1’o illustrate how chunking affects impasse interpretation, ]cfcr agail~  to the problcm space

hicrarcby shown  in I;igurc  4. If an action cot-l slrainl impasse is dctcctcd  then the res o I ve -

act. i on- cons trai n~– i mpasse  operator is sclcctcd  and the ]woblcm spaces below this

operator arc scarchcd until  all explanation is gene.rated. 111 the process of generating the

explanation, chunks  arc crcatcd  that summari~,  c c.ach step of the search for ail explanation. lior

instance, in the case of the action  constraint  im]mssc involvit~g  the NRMlil)  conlnlal~d on Iinc 3

of l;igurc  3, e a c h  of the ]wcccmditions  fol the command  arc vcrific(i il} the veri fy -

pr-econdi t i ons ]woblcm space. in tile process of verifying these prc.con(iitions,  chunks  arc

built  to (io this task the next time tiw NRMIHI commm(i  is involvcci ill all action  constraint

impasse. ‘1’bus, whcncvcI’ RIiACH’ sLlbscqLlclltiy  lccogtlizcs  that a stLICicnt  is al ail impasse with

tile.  NRMlil)  comnlan(i,  it wiil autmnatically fire the chunks  verifying the NRM1+31 comman(i

prccon(iitions  wjthout  ncc(iing  to subgoal  through  the problcm  space hicralchy the way it (ii(i the

fil’st time.

Architectural lmpad of CImnking

As wc nlclltiollcCi al the bCgilllliIlg  of thiS SCCtiOl),  tilclc arc two Conscqucnccs  of ilavillg a. tlltor

t h a t  impmvcs wjth expcricncc. “J’hc first of these conscc]ucnccs, im]wovcci  cfficic.ncy, is tile

(iriving  nlotivation  for incorporating  lcaming  into t h e  tLltor’s illllllclllclltatioll. IInplwvc(i

efficiency make.s jt possible to conciuct  a timc]y interaction with the. stLIcicIIt. “J’here is a sccm(i

conscq LIcI)cc  of learning, however, that flows out of the usc of Soar’s chunking nlccilanism  ill

RliACH’.  ‘1’bc. chunkcd version  of 1<1 IA[;’1’  ti~at  cmcrgcs OVCJ time has its tutoring knowlc(igc

compiic(i jll a form that no lo])gcr has (iistingllisi~ab]c  mo(it]lcs or prob]cm space.s. ‘1’hc m iginal

]woblcm  space hicralchy that gcncratcci  the chunks  stili exists but js not usc(i unless a I1OVC1

situation occurs. ]nstca(i, R] lACH”S plob]cm  solving e.vcntLIall y take.s place. jn onc problc.m  space

at the. top ICVCI, where. jt fires chunks  for Lccognizing an(i i~~tcrprc.ting  stu(ic.nt  impasses.

‘1’ilc  atcilitcctL~ral  inlpact  of chunking,  thcII, is that as a tLltor lcams, its know] c(igc is compiic(i

an(i ccntrali~cci,  so to speak, into onc problcm  space. ‘1’hc result is an cfficicnt tutor that can

intcrad  in real time with a stu(ic.nt.  “]’hc rcsulti]l:,  architecture. looks ciiffcrcnt than a stcrcotypicai

intelligent tutoring systcm  (llurns & Capps, 1 988) that contains mo(iLIlar  picccs iabc]c(i expert

lllO(iCi,  St Ll(iCllt lllOCiC] ,  tLltOl” llN)(iC],  all(i  SO 011. “J’houp,h these arc i(icntifiab]c  f u n c t i o n s  in

1<1 iA~rl’,  they ccasc to have rc]cvancc  from aa architectural point  of vjcw once the knowlc.(igc of

these fanctimls has been compi]c(i.  OLIr approach contrasts with tile way that Warren, Goo(iman
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& Maciorowski (1993) have proposcci 10 cnginccr 1’1’S’s, wbc.rcby the traditional 1’1’S functions

arc imp]c.mcntc.cl  in separate communicating modules. Wc prefer to view the intcllig,cnt  tulor as

an inlcgratc(i agcmt whose arcbi[cctarc  cmcrgcs {is it lcmms. ‘J’hc fanclio]lality  remains while the

architc,ctllrc  changes.

Generality of (;l~~l]~ki]~g-llasc[l  Plan Recognition

‘1’here arc parlicu]ar features of’ the 1 Icc]) Space Network domain,  and of 1<1 iACH”s  situated plan

attribution algorithm, lhat arc parlicmlarly conducive  to chunking. “1 ‘hcsc are SLI mmari  zcd below,

in order 10 give [hc reader a better sense of how chunking-basc~i  plan recognition  nlight  bc

appl  ic(i to 01 hcr domains.

1{1 :A(3”S tabular rcprcscntation of plans  facilitates rccogniticm  of ordinary plan steps, c.vcII

w i t h o u t  chunking. ‘1’hc tutor (1OCS not have to search through a large. space of possib]c  student

actions in order to find ones which match the. stuknt’s  actions. Although chunking can bc.

employed rcgard]css of lhc si~c of the search space, having  a small search space offers practical

advantages. 11 is not ncccssary to train the tu[or cxtcnsivc]y  ahead of tinlc  in order to obtain

rcasonab]c real-linm response, since the tutor is cfficicnt enough to Rnalyxc  unftimiliar  stadcnt

actions as they arise. l;urthcrmorc,  chunks gcncratcd from large. search space.s call oftcll bc

highly specific: the left hanct  sides of the chunks  tcncl to grow in si~c as the anlount  of search

incrcascs. Ilcrcforc each c}lunk that R1{ACH’ builds  is more likely to bc applicable to lLltLlrc

stLldcnt  actions.

III Scncral, chunking is nlost cffcctivc  W1]CI] the problcm space being scarchcd is f] cc of

unccr[ainty, ant] the problcm solver is ab]c to dctcrminc prccisc]y  what Ihc conditions arc that

lc.ad to the result that is saved ill Ihc chunk. (Xhcrwisc the chunks that arc prodLlccd  may bc

overly gcncraj, and apply in sitllatiotls  in which they shou]cl 1}01. ‘1’his poses  potential ]woblcms

for plan recognition, which is flll](lal~lclltiill~’  abductivc in natarc  and nlust  make. plallsihlc

infcrcnccs about  what the agent being watched is doing. If the p]atl  rccogniyc.r  observes the

student pcrformin.g  an action, and jumps to a conclusion  that a particular plan or plal]  step is

being carried out, the chunk  that is prodLlccd will cause the plan rccogni~,cr to jump to the c.xact

same conclusion every tinlc, e v e n  in cases whc.rc there is cviclcncc  for all altcrl~ativc

intcrprctafion.  ‘1’his problcm  dots not arise ill R] iA(YJ’ ill par[ bccausc  plal)s it) the JXIN [Iomaill

:irc. rc]alivc]y  unambiguous; tbc. systc.m can always tc.]1 what p]al] the stLldc IIt is working on.

1 lowcvcr, it also hc]ps that RliACYli  bases its analysis on observed actions and (icvicc  rcspcmscs,

and avoids cxtcmsivc  rc,asoning  about  hi&ic.n mental states. Since RliA(Y1’  dots not jump to

conclllsicms  about the stLldcnt’s  nlcntal state., it doc.s not crcatc chunks  that jump to conclusicms

either.
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At the. sanw, wc rccogniz.c  that ambigLlity  and  indctcrminticy arc inherent fmturcs of the plan

recognition process, and must bc accountc(l for. Wc bclicvc  that the RI{ AIY1’ tipproach can bc

cxtcndcd to other plan recognition problems, where interpretation of student actions is nN3rc

ambisuous.  ‘J’here arc two possible ways of accomplishing this. Onc is to dc]ay intcrprdation

aI~cl  chunk  construction until enough  student  actions  have bcm observe.(1 that the. plans can bc

unanlbiguous]y  rccogni~jccl. Another aJqwoach is 10 kcc.p  track of the cicgrcc of unccr[ainty

assigtlcd  to each intcqwctation  of sludcnt  actions, and avoid rcliancc 01) chunks that dc])clld 011

assumptions with a high dcgrcc of unccr[ainty. ‘1’hcsc aJq3roachcs arc the subject of future

research.

A pilot stu(iy was con(luctccl  to evaluate I-?l!AC’1’. Wc bypothcsizccl  that sitLlatc(i  pla~~ at[rihution

wouldbc  ablctorccognizcand  interpret stu(ictlt impasses and that tl~ctcstlltillgtLltolil~g  would

hcJp students acquire skill in the 1.MC domain, ‘1’hc study was con(luctcd  with seven students of

approxinlatc]y  equal cxpcric.ncc.  who were (Iivi(icd into two groups. ‘1’hc difference bctwccn  the

two groups was that Group ]’s studcmts  were tutorc.ci by l<liAC’J’ during  the cxc.rcisc,  while the

Group 1 ] stLl&mts  did not rcccivc ally tutorit~g.  1 iach student was assigt~cd  a {ask to perform on

the 1.M~ simulator, where the assigt~cd  task was pc.rformcd by the stLlclcnt  six tinlcs under

different star[ing conditions so that different types of action  constraint and goal Pdilurc impasses

would potcmtially occur.

Cl: l)id the tutm cmrcclly iil(crpcl  all of lhc “cOrIccl” aclims  uakr nwmal circumstances?
C2: l)id the talor mrrcctly  iatcrprct  sladcnt {Icvialioas ft-m  the dcfaul(  pr(mdarc. when ~hcIc

WCIC no silualioaal factms rcqairing  the dcvia[ioa?
C3: I)icl lhc tator cmrc.clly ialcrpct s{&lcal dcviatims  from the. clcfaull prmcdurcs  wlma lhc.y

were ia rcaclioa 10 si(ualimal  faclms’?
C4: l>icl the tutor rccogaim  wlm the s[wicat failed 10 achicvc  a goal’! Was it ahlc 10 cxplaia lhc

goal failure?
C5: l)icl Ihc tator  rccogaizc  all aclioa coasl] ainl violations’? Was il able 10 explain lhc acti On

comtraial  vi Olatim]?

Table 2: 1 evaluation criteria for effect ivcncss of Situ:itcd Plan Attribution

“1’o evaluate the cffcctivcncss of situated plan attribution the evaluation criteria shown ill TabJc

2 were used. ‘1’hc goal for this part of the evaluation was to dctcrminc how WCII RI~AO’ was

ab]c to Undc.rstalld  the stLldcnt’s  behavior in lnaking  a dccisioll  of whc.thcr  or’ not to Jwovidc

tutoring. Since RliACrl’  is an impasse-driven tutor, this means that it has to bc ab]c to clc.tcct

inlpassc.s as they arc previously defined and avoids  nwking  a false detection. 1 lcncc, <; I asks

whether l<l;A(YI’  rccogni~,cd  all of the actions taken by the students that one. WOUI(l  cxpccl thcm
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10 take un(lcr nonlillal  conditions. C12 through (5 cover each of the three impasse types (i.e.,

ac[icm constraint violations, plan cicpcndcncy  violations, and goal fidilurcs).  ~2 and (;3 a(lclrcss

the varjatjolls of recognizing whctbcr a plan dcpclldcncy  vjolation  has occurred or 1)0[; (12

covers the impasse case an(i CH covers Ihc case where a deviant action  is warlantcd  by the

situation. C4 asks whether Ihc [LIIOI  was able to rccognizc  and cxp]ain  when the stu(lcnt failed to

achicvc the goals  of a plan,  and C;5 asks whc.thcr individual  action constraint violations wc.rc

rccogni~jc(i.

Rcsu]ts

“1’hc results of lhc pilot study suggest (hat situated plan attribution 1101(1s  promise as a nlcthod  for

rccogniz,ing  student impasses and for explaining how 10 rc.so]vc  thcm ill a satisfactory nwnncr.

ll]rjng the. st ucly RI 1A(Y il~tcqwctcci  604 diffcrcmt  collll~lall(l-rcs]>o]lsc  pairs (actions)  performed

by the Stu(lcllts. It rccogni~lcd  and cxplicatccl  5 plan dcpc]ldcncy  impasses (~2), 36 actions  that

deviated from the plal]  but were warranted by the situation (C3), 17 goal Pailurc impasses (~4),

an(i 36 action constraint inq>asscs  (~5). II) anal yz,ing  the event logs, wc found that 1<1 \AC~’1’  did

]1o( make any ll~isjlltcll~rclatio~~s,  N](I jt was able [o make all of its analyses quickly enough for a

tinlcly  intcracticm with the stuclcnt  (refer to ‘1’able 1 to get an idea of how the intcractio]l times for

the acticm constraint jnlpassc.)

CamulaIivc (C2) l)laa (C3) Aclioas ((:4)  Goal (C5) Actioa  =
Action l)c.pcn(lcncy Situa(imnlly 1 jail LIIC (Ionslrainl
‘1’olal llnplsscs Warraalc(l llupasscs Impasses

a“--”

sLll)jcc(  1

——
81 0 6 0 3

sLlbjCCt 2 91 0 7 4 2
Subjccl  3 86 0 5 0 8

Sabjccl 4 79 ? 4 6 5
Sabjcct  5 83 3 4 0 4
Subjccl 6 99 0 5 6 6

Sab”ccl 7 85 0 5 1 s

‘J’otals 604 5 36 17 36  -

.

Table 3: CIlmulativc  Rc.su]ts of Situa[cd  l’]an Attribution

‘1’hc study also suggests that the way sitLlatcxl plan :it[ribution  was applied (i.e., for inqxissc-

drivcn  tutoring) hclpccl  stuclcnts to improve (Ilcir  skills in the 1.M~ donlain  more quickly that)

students without tLlloring. ‘1’hc stLIdcII[s from both groups rcacbcd jmpasscs  while performing the

task,  but there was a significant cliffcrcncc  bctwccn  the two groups j]) the amount  of time it took

to resolve these impasses. While both groups  acquired the same anlount  of skill in cases where

[here was all action constraint violation, Ibc s[udc,nts  in Group  1 (tLltorc(i  by 1<1 iA(H’) rcso]vcd

impasses and acquired lhc ncw knowledge approximatc]y  [CI) times faster than the stuclcmts  in

Group 11. 1 .ikcwjsc, the stLldcnts in Group 1 were ICSS prcmc  to having goal fi~ilurcs  than the



stacicnts i]] Group  11. It was obscrvc(i  that stadc.nts who did not noticx a goal Pailurc  the first time

they pcrformc(l a task were prone to never rcaliz,ing  {hat there was one. A common but

potcntial]y scrjous problem that has been obscrvccl  ill the IIccp Space Network operations

domain  js that the Opcrators may nlakc. goal-type errors that arc not dctcctcd  for several weeks.

l~or inslancc, if an Opcrator  dcms not ptopc.r]y  perform cer ta in  ca l ibra t ions  on the

collll~lLll~icatiolls  cc] Llipmcnt,  the (iata that is ac.qaircd (Iurjng a track will bc advc.rsc]y affcctc(],

but the poor quality of the data may not bc rccogniz,cd for several weeks by the scientist

analyzing jt. It can bc cxtrcmcly diffjcalt to provide corrective feedback to an operator when

there arc such sigl]ificant dc.lays bctwccn the tilnc. of the error and the time jt is dctcctcd,  thus it is

very inlpor[ant  to correct goal-type errors (luring training  since. the fc.cdback in the operational

cnvitxmmcnt  is so dc]ayc(i.

l~inaliy,  tho~lgh  REA~’1’ was SI1OWI] to bc robast jll the task (iomain (icscribc{i  here, wc suspect

thnt it wjil bc ncccssary to nlakc smnc improvcmcl]ts  to tile sjtaatc(i  plan attribution prob]cm

sp:tccs to cope with larger nunlbc.rs of piaas al]d actions. III the.sc cases wc anticipate the ncc(l  to

(icai with nlorc  anlbigaity than was Jwcscnt in oar current jl~l]>lcl~lclltatioll.  Anlbiguity  prilnariiy

wili have an inlpact  cm the interpretation of plan (icpcn(icncy  vjolation  il~l]~asscs--l<liA{;’J’  nlight

have to (iclay offering assistaacc until it is c]car which plan the stucicat  is attcnlpting  next.

conclusions

Wc have intrmiuccci  a plan recognit ion tcchniqac calic(i situatc(i  plan attribution that W C. claim

avoicis smnc of the problems of other a]qwoachcs,  cspccjal]y  as app]ic(i to intelligent tLltoring.

Spccjfica]iy, wc have shown  how our  mc.tho(i is flexible enough to rccogni?c  when a situation

warrants an action that js not specific.(i by a plan. 1.ikcwisc,  it rccogni~,cs  when all action

spccific(i  by a plan is not sitaatiollal]y  appropriate.

Sitaatc(i p]all attribution also a(idrcsscs  the issues of ~ltl(icrcollstraillc(i  atl(i  unfocused nmicling

ill that it ccmcc.ntratcs

un(icrstan(i  the nlcntal

tlltor, an(i  the amount

(icfjilc(i  is rcascmablc.

on rccogniy,ing  stLICicnts’ impasse pojnts  rather thaa trying  to gc.ncratc or

states that lc.(i  to a particular action.

of processing rcqa ircd to rccoga  i xc.

lmpassc points  arc natLlral  J31accs to

anti cxp]icatc the impasse.s wc have
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